Four well-characterized monoclonal antibodies (MAbs) directed against rabies virus glycoprotein (G) were used to study G folding in vivo. Two of the MAbs were able to immunoprecipitate incompletely oxidized folding intermediates. The two others recognized G only after folding was completed. By using these MAbs, the ability of G to undergo low-pH-induced conformational changes during folding was also investigated. It appeared that some domains acquire this ability before folding is completed. In addition, interactions between unfolded G and some of the molecular chaperones were analyzed. Unfolded G was associated with BiP and calnexin. Association with BiP was maximal immediately after the pulse, whereas association with calnexin was maximal after 5 to 10 min of chase. The effects of tunicamycin and castanospermine on chaperone binding and folding were also studied. In the presence of both drugs, calnexin binding was reduced, consistent with the view that calnexin specifically recognizes monoglucosylated oligosaccharides, but some residual binding was still observed, indicating that calnexin also recognizes the polypeptide chain. In the presence of both drugs, association with BiP was increased and prolonged and folding was impaired. However, the global effects of the drugs were different, since folding was much more efficient in the presence of castanospermine than in the presence of tunicamycin. Taken together, these results provide the basis to draw a schematic view of rabies virus glycoprotein folding.
Most glycoproteins are translated on membrane-bound ribosomes and inserted cotranslationally into the endoplasmic reticulum (ER) in an unfolded form. The ER contains a high concentration of calcium and has an oxidizing potential redox which allows disulfide bond formation. Like other cellular compartments, it contains many folding enzymes and molecular chaperones. Folding enzymes catalyze rate-limiting steps in folding such as proline isomerization and disulfide bond formation. The primary function of chaperones is to bind to nascent polypeptide chains in order to prevent aggregation and to limit potentially dead-end pathways (reviewed in reference 18) .
In recent years, viral glycoprotein folding has been extensively studied (reviewed in reference 10). Several viral glycoproteins have been shown to begin to fold cotranslationally. For the hemagglutinin (HA) of influenza virus, it has been demonstrated that conformational epitopes and some of the native intrachain disulfide bonds are present before complete synthesis of the polypeptide chain (6) . Folding continues posttranslationally and can be monitored in pulse-chase experiments by observing the acquisition of conformational epitopes, disulfide bond formation, and enzymatic or receptor functions. Only correctly and completely folded molecules are transported out of the ER. Unfolded viral glycoproteins are found associated with molecular chaperones, among which the best studied are BiP and calnexin. BiP is a soluble member of the heat shock protein 70 (HSP 70) family of chaperones (38) which has been shown to associate transiently with folding intermediates of many viral membrane proteins including influenza virus HA (17, 24) and vesicular stomatitis virus (VSV) G (32) . Calnexin is a phosphorylated transmembrane lectin which specifically interacts with partially trimmed, monoglucosylated N-linked oligosaccharides (19, 22, 41, 53) . Monoglucosylated oligosaccharides are generated by trimming the two outermost glucose residues from the core oligosaccharides (27) . This is achieved by glucosidase I, which removes the first of the three glucoses, and glucosidase II, which removes the second (and eventually the third). Monoglucosylated oligosaccharides can also be generated by reglucosylation of high-mannose glycans through the action of UDP-glucose:glycoprotein glucosyltransferase, which has the property of distinguishing between folded and unfolded glycoproteins and reglucosylates only the latter (48, 49) . The three enzymes (glucosidase I and II and the glucosyltransferase) are responsible for the deglucosylation-reglucosylation cycle that allows binding of glycoproteins to and their release from calnexin (21, 22) . This explains why inhibition of N-linked glycosylation often leads to defects at the level of folding. However, some results suggest that monoglucosylated N-linked oligosaccharides are not the only determinants involved in calnexin binding to unfolded glycoproteins (53) . It has been reported that some unglycosylated proteins are also able to bind calnexin (5, 26, 31, 43, 52) and that the transmembrane domain of glycoproteins may also play a role in this interaction (33) .
Rabies virus glycoprotein (G) is a type I membrane glycoprotein. It is a trimer (3 ϫ 65 kDa) that forms a spike extending 8.3 nm from the viral membrane (14) . The complete mature glycoprotein molecule is 505 amino acids long (1, 57) . Its amino acid sequence indicates that it has three potential Nlinked oligosaccharide acceptor sites, of which only one or two are glycosylated, depending on the strain (2, 8, 9, 56) . The ectodomain contains 14 cysteines forming disulfide bridges.
G is responsible for adsorption of virus onto the host cell and therefore determines the tissue tropism of the virus. After attachment and internalization of the virus via the endocytic pathway, G mediates low-pH-induced fusion of the viral envelope with the endosomal membrane (16, 37, 54) . The pH threshold for fusion is 6.3 Ϯ 0.1 and preincubation in the absence of a target membrane below pH 6.75 leads to inhibition of viral fusion properties. However, loss of fusion prop-erties can be reversed by readjusting the pH to above 7 (13, 15, 16) . This behavior is different from that observed with the best-characterized fusogenic virus, influenza virus, for which low-pH-induced fusion inactivation is irreversible.
It has been demonstrated that G can assume at least three different states: the "native" (N) state detected at the viral surface above pH 7; the activated hydrophobic state (A), which interacts with the target membrane as a first step of the fusion process; and the fusion-inactive conformation (I). There is a pH-dependent equilibrium between these states which is shifted toward the I state at low pH (13, 15, 44) . The different conformations have been characterized by different biochemical and biophysical techniques, and it has been shown that the I conformation is 3 nm longer than the N one, from which it is also antigenically distinct (13) . We have proposed that G is transported through the Golgi apparatus in an I-like conformation to avoid nonspecific fusion during its transport in the acidic Golgi vesicles (12, 15) . However, as yet nothing is known about rabies virus glycoprotein folding, and all the information we have is extrapolated from folding of the glycoprotein of VSV (5, 19, 20, 32, 34) , another rhabdovirus. This extrapolation is probably not valid: despite 60% homology between the glycoproteins of the Indiana and New Jersey serotypes, the general features of the folding of both glycoproteins are notably different (34) .
Monoclonal antibodies (MAbs) have been widely used to study the intracellular transport, folding, and processing of many viral glycoproteins (40, 50, 58) . Our laboratory possesses a collection of several hundred MAbs directed against G. Most of them are neutralizing and therefore have allowed the selection of mutants escaping neutralization (3, 42, 44, 46) . From this approach, two major and two minor antigenic sites were defined at the G surface. More recently, the binding site of nonneutralizing MAbs recognizing sodium dodecyl sulfate (SDS)-denatured G were localized by a method involving peptides (28) .
In this investigation, I used four well-characterized representative MAbs to study rabies virus G folding in vivo. The ability of these MAbs to bind G after various periods of chase following pulse-labeling was investigated and compared. Two of the MAbs were able to immunoprecipitate incompletely oxidized folding intermediates, whereas the other two recognized G only after its folding was complete. In addition, interactions between unfolded G and the molecular chaperones BiP, calnexin, and GRP 94 were analyzed. The effect of glycosylation inhibitors such as tunicamycin and castanospermine on chaperone binding and folding was also studied. Taken together, these results provide the basis for a cinematic view of rabies virus G folding.
MATERIALS AND METHODS
MAbs. MAbs 30AA5, 18B5, 29EC2, and 17D2 have been described previously (12, 13, 28, 42, 44, 46) . They were used as mouse ascites preparations. Anticalnexin polyclonal antibody (SPA 860) and anti-BiP polyclonal antibody (SPA 826, used in Western blot experiments) were purchased from Stress Gen. AntiBiP polyclonal antibody (PA1-014, used in immunoprecipitation experiments) and anti-GRP94 rat MAb (MA3-016) were supplied by Affinity Bioreagents.
Pulse-chase experiments and immunoprecipitations. BSR cells (a clone of BHK 21 cells) grown in 30-mm-diameter petri dishes (about 5 ϫ 10 5 cells) were infected with the PV strain at a multiplicity of infection of 5. At 21 h postinfection, the culture medium was replaced with methionine-and cysteine-free medium and the culture was incubated for 1.5 h. The cells were then labeled with 250 l of prewarmed medium containing 100 Ci of [
35 S]methionine and [ 35 S]cysteine (Promix; Amersham) for 3 min (in some cases, the labeling time was longer; this is indicated in the figure legends). Prewarmed normal growth medium containing 5 mM cold methionine and 1 mM cold cysteine was then added for the chase period. The cells were washed in cold TD buffer (137 mM NaCl, 5 mM KCl, 0.7 mM Na 2 HPO 4 , 25 mM Tris-HCl [pH 7.5]) containing 20 mM N-ethylmaleimide (NEM) and lysed on ice in 500 l of TD buffer containing 1% 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS), 20 mM NEM, and an antiprotease cocktail (2 g of leupeptin per ml, 2 g of antipain per ml, 2 g pepstatin per ml, 2 g of chymostatin per ml, 16 g of aprotinin per ml). The lysates were centrifuged in an Eppendorf centrifuge for 5 min at 12,000 ϫ g and 4ЊC. The supernatant was incubated with anti-G or anti-chaperone antibodies for 1 h at 4ЊC. Protein A-Sepharose was then added, and the mixture was incubated for 45 min at 4ЊC. The resulting immune complexes were centrifuged and washed three times with TD buffer containing 1% CHAPS and the antiprotease cocktail. The complexes were boiled for 5 min in Laemmli buffer (under nonreducing conditions; ␤-mercaptoethanol was omitted) before analysis by SDS-polyacrylamide gel electrophoresis (PAGE) (8% polyacrylamide) and autoradiography. Quantification of radioactivity was performed with a PhosphorImager (Molecular Dynamics).
To detect interactions between BiP and G, TD buffer was replaced by TB buffer (20 mM NaCl, 5 mM CaCl 2 , 25 mM Tris-HCl [pH 7.5]). During cell lysis, the TB buffer was supplemented with apyrase (30 U/ml) to deplete the medium of ATP. The other adjuvants (NEM, CHAPS, and antiproteases) were present as in other immunoprecipitations.
To investigate the ability of labeled G to undergo the low-pH-induced conformational changes, the supernatants were split into two 250-l portions after removal of insoluble debris. One portion was diluted twofold in TD buffer containing 1% CHAPS, and immunoprecipitations were performed as described above. The other portion was diluted twofold in 31 mM citric acid-138 mM dibasic sodium phosphate (pH 6.4). Incubation with MAbs and protein ASepharose and all the washing steps were performed at pH 6.4 (in the presence of 1% CHAPS and the antiprotease cocktail).
Western blot analysis. BSR cells grown in 30-mm petri dishes were infected with the PV strain at a multiplicity of infection of 5. At 21 h postinfection, the cells were washed with cold TD buffer containing 20 mM NEM. They were then lysed in the same buffer (or TB buffer supplemented with 30 U of apyrase per ml to detect BiP) containing 1% CHAPS and the antiprotease cocktail, and G was immunoprecipitated with the different MAbs as described in the previous section. Proteins in the immunoprecipitates were separated by SDS-PAGE (10% polyacrylamide) and electrophoretically transferred to a nitrocellulose membrane. The membrane was then incubated with anti-chaperone antibodies. The binding was revealed by the use of anti-rabbit or anti-rat antibodies coupled to peroxidase. The peroxidase activity was detected with the light-based enhanced chemiluminescence system as described by the manufacturer (Amersham).
Endo H treatment. Immune complexes associated with protein A-Sepharose were incubated for 5 min at 100ЊC in phosphate-citrate buffer (pH 5.6) containing 1% SDS. The supernatant was split into two 30-l portions; half of the sample was then treated with 8 mU of endo-␤-N-acetylglucosaminidase H (endo H) for 14 h at 37ЊC. The remaining half was incubated at 37ЊC in the absence of endo H and used as a control.
Tunicamycin and castanospermine treatment. Tunicamycin was used at 5 g/ml and was present during the methionine and cysteine deprivation, the pulse, and the chase. Castanospermine (1 mM) was added only 45 min before the pulse and was present in the pulse medium and the chase medium.
RESULTS
Acquisition of epitopes during folding of G. The kinetics of acquisition of different epitopes of rabies virus G during folding in the ER were investigated by using four previously characterized antibodies. All of them were able to bind native G (Table 1) . 17D2 is directed against a peptide located between amino acids 255 and 272 (28) and recognized SDS-denatured G in a Western blot. The epitope of 29EC2 is located in the amino-terminal part of G and contains amino acids 10, 13, and 15 (12, 44) . 30AA5 and 18B5 are directed against antigenic sites II and III respectively (42, 46) . Rabies virus PV was chosen for this study because only one band of G with only one carbohydrate chain is detected in Coomassie blue-stained gels (2) . However, a minority species with two carbohydrate chains was also detected in pulse-chase experiments (see below).
Rabies virus-infected BSR cells were labeled with [ (Fig. 1) . SDS-PAGE under nonreducing conditions has been widely used to monitor disulfide bond formation (4, 6, 20, 50 disulfide bridges are formed, forcing the protein to migrate in a more compact conformation. Both 17D2 and 29EC2 were able to recognize G immediately after the pulse. At this time, two bands, labeled G1 and G2, were seen in reduced gels (Fig. 1 , MAbs 17D2 and 29EC2). G1 corresponds to the untrimmed glycoproteins having one carbohydrate chain. G2 most probably corresponds to an untrimmed minor species with two carbohydrate chains. The amount of radioactivity in both G1 and G2 bands increased between 0 and 5 min of chase ( Fig. 1 and 2 ). This is probably caused by completion of nascent chains that had been labeled but not terminated during the pulse (4). However, it is difficult to exclude the possibility that the antibodies do not easily recognize very early-folding intermediates. During the chase, the untrimmed glycoproteins move to the Golgi complex, where the high-mannose carbohydrates are trimmed and where further addition of sugars occurs, leading to conversion of the glycoproteins into GT1 and GT2. However even after 80 min, at least one-third of the immunoprecipitated G still migrated as G1. After immunoprecipitation by 17D2 in a nonreduced gel, four bands were seen immediately after the pulse. The faster-migrating band corresponds to fully oxidized, untrimmed G (called NT) with only one carbohydrate chain. The others (labeled IT) correspond to incompletely or incorrectly oxidized forms (the incompletely oxidized forms of G with two carbohydrate chains are not seen, probably because they are present in insufficient amounts). The half-life of these folding intermediates was less than 10 min (Fig. 1, 17D2 ). Aggregates migrating as diffuse bands at the top of the gel were also detected. They probably correspond to multimers formed by aberrant interchain disulfide bridges. Although 29EC2 was able to immunoprecipitate the folding intermediates, large amounts of antibodies and long exposure of the gel for autoradiography were necessary to detect them, indicating that 29EC2 has a higher affinity for the fully oxidized form.
Neither the folding intermediates nor the aggregates were immunoprecipitated by MAbs 30AA5 and 18B5: these antibodies were not able to recognize G immediately after the pulse (Fig. 1) . For both MAbs, the amount of G immunoprecipitated increased during the chase and reached a maximum about 40 min after the pulse (Fig. 2) . Therefore, the form of G recognized by MAbs 30AA5 and 18B5 is a more completely folded form than the one recognized by 17D2 and 29EC2.
Acquisition of the ability to undergo low-pH-induced conformational changes. To identify the moment when G or some of its domains were able to undergo low-pH-induced conformational changes, experiments were performed as in the previous section, except that the cell lysates were incubated at pH 6.4 before immunoprecipitation. Under these conditions, mature G undergoes low-pH-induced conformational changes (13, 15) .
The results were identical at pH 6.4 and 7.4 for MAb 29EC2 (data not shown), consistent with the fact that this antibody is able to recognize both the native and the low-pH conformation 35 S]methionine for 3 min and then chased in cold medium for the times indicated before lysis in TD-1% CHAPS-20 mM NEM (see Materials and Methods). G in the lysates was then immunoprecipitated with indicated MAbs and analyzed by SDS-PAGE (8% polyacrylamide) under reduced (R) or nonreduced (NR) conditions followed by autoradiography. Abbreviations: agg, aggregates; IT, incompletely or incorrectly oxidized forms; NT, fully oxidized untrimmed G; GT1 and GT2; fully trimmed glycoprotein having, respectively, one and two carbohydrate chains; G1 and G2, precursor (not fully trimmed) of G having, respectively, one and two carbohydrate chains. of G after its solubilization (15) . In contrast, MAbs 18B5 and 30AA5 were unable to immunoprecipitate G when the cells were lysed at pH 6.4 (data not shown). As site II and, to a lesser extent, site III are modified during the structural transition from native to low-pH-inactivated G (13, 16) , this result indicates that the forms of G immunoprecipitated by 30AA5 and 18B5 at pH 7.4 are able to undergo low-pH-induced conformational changes.
The results obtained with MAb 17D2 were particularly interesting: when the cells were lysed at pH 6.4, the amount of G immunoprecipitated decreased as the chase period increased (Fig. 3) . This is consistent with the fact that MAb 17D2 does not recognize the low-pH fusion-inactive conformation of G (45) . Therefore, only unfolded G that is unable to undergo the low-pH conformational change is immunoprecipitated. However, this low-pH sensitivity precedes G recognition by MAbs 18B5 and 30AA5 (compare Fig. 2 and 3) , suggesting that some domains of G are able to undergo the low-pH-induced structural transition before folding is complete.
Acquisition of endo H resistance. Acquisition of endo H resistance by the sugar chains indicates the arrival of glycoproteins in the medial cisternae of the Golgi (11). Rabies virusinfected cells were pulse-labeled for 5 min and then chased for up to 2 h. The proteins were immunoprecipitated and incubated in the presence or absence of endo H. The samples were then analyzed by SDS-PAGE under reduced conditions. Figure 4 shows that half of the G immunoprecipitated by 17D2 had acquired endo H-resistant sugars after about 50 min, in agreement with results obtained for other rabies virus strain (35, 54) . However, after 2 h of chase, a significant fraction of G (about 25%) still contained endo H-sensitive sugar chains.
Interaction of unfolded G with BiP and calnexin. The interactions between G and some of the chaperones of the ER were then tested. For this purpose, infected-cell lysates were immunoprecipitated with 17D2, 29EC2, 30AA5, or 18B5. The immunoprecipitates were subjected to SDS-PAGE and transferred to a nitrocellulose membrane. The membranes were then incubated with a rabbit polyclonal serum directed against BiP or calnexin or with a rat MAb directed against GRP 94. The binding reaction was revealed with the enhanced luminescence kit by using anti-rabbit or anti-rat antibodies coupled to peroxidase.
Calnexin was associated with the glycoproteins immunoprecipitated by 17D2 and 29EC2 but was detected in only small amounts in 30AA5 and 18B5 immunoprecipitates (Fig. 5A) . Low ionic strength and ATP depletion from the lysates (see Materials and Methods) were necessary for BiP to be detected in the 17D2 immunoprecipitates. Traces of this chaperone were also present after immunoprecipitation by 29EC2. It was not found in 30AA5 and 18B5 immunoprecipitates (Fig. 5B) . GRP 94 was never found associated with G after immunoprecipitations, whatever the experimental conditions (data not shown), suggesting that there was no interaction between these proteins or that this interaction was very weak.
To identify the folding intermediates associated with the chaperones and to investigate the kinetics of these associations, cells were labeled for 3 min and immunoprecipitated at the end of the chase period with a rabbit polyclonal serum directed against BiP or calnexin. When the lysates were immunoprecipitated with anti-BiP, a labeled BiP band at 78 kDa, as well as G bands corresponding to IT and NT forms, could be observed (Fig. 6A) . The association was maximal immediately after the pulse and then decreased rapidly with time.
When the lysates were precipitated with anti-calnexin, a labeled calnexin band at 90 kDa was observed (Fig. 6B) . The IT and NT forms of G were also seen. Although the association was detected immediately after the pulse, it was maximal after 5 to 10 min of chase (at this time, virtually all G protein was calnexin bound) and decreased thereafter. The association between G and both chaperones was therefore transient.
Effect of tunicamycin on the association of G with chaperones and folding. Previous studies have shown that calnexin binds monoglucosylated N-linked oligosaccharides (19, 22, 53).
However, it has also been reported that some proteins were 35 S]methionine for 3 min and then chased in cold medium for the times indicated before lysis in TD-1% CHAPS-20 mM NEM. After elimination of insoluble debris, the lysates were split in two. Half was incubated at pH 7.4 (lanes 7) and the other half was incubated at pH 6.4 (lanes 6) before immunoprecipitation by MAb 17D2. The immunoprecipitates were analyzed by SDS-PAGE (8% polyacrylamide) under reduced conditions and autoradiography. The radioactivity in the bands was quantified with a PhosphorImager, and the percentage of G immunoprecipitated at pH 6.4 was calculated. The amount of G immunoprecipitated by MAb 17D2 at pH 7.4 after the same chase period was defined as 100%.
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on July 8, 2017 by guest http://jvi.asm.org/ able to form a stable complex with calnexin in spite of the absence of N-linked oligosaccharides (5, 26, 31, 43, 52) . Tunicamycin blocks core glycosylation of nascent glycoprotein precursors. Therefore, we studied the effect of tunicamycin on the formation of G-calnexin complexes and folding. Nascent G in tunicamycin-treated cells (5 g of culture medium per ml) did not acquire N-linked oligosaccharides, and its molecular weight was reduced (Fig. 7) . In the tunicamycin-treated cells, the association of G with calnexin was strongly inhibited. However, PhosphorImager quantification revealed that about 13% of labeled unglycosylated G (UG) was associated with the chaperone after 10 min of chase (in contrast to more than 75% in the absence of the drug) (Fig. 7A) . As already shown in other systems (5), an important proportion of the unglycosylated G associated with calnexin was aggregated after analysis in gels under nonreducing conditions (data not shown).
In the presence of tunicamycin, G folding was impaired: immunoprecipitations of pulse-labeled infected cells by 17D2 and analysis of immunoprecipitates revealed that most of the protein was associated in aggregates (Fig. 7B) . Incompletely or incorrectly oxidized monomeric forms were also detected even after 1 h of chase. As previously observed for other glycoproteins, incubation with tunicamycin also resulted in a massive and prolonged interaction with BiP (see Fig. 9 ). Finally, G synthesized in tunicamycin-treated cells was poorly recognized by 18B5 and 30 AA5 (see Fig. 10 ) even after 40 min of chase, indicating that G was unable to fold correctly under such conditions.
Effect of castanospermine on the association of G with chaperones and folding. Castanospermine is an ␣-glucosidase inhibitor that prevents glucose trimming. As such, it inhibits glycoprotein binding to calnexin (19, 22) . G was detected as a molecule migrating slightly more slowly in castanosperminetreated cells than in the untreated cells (Fig. 8B) . As in tuni- 
FIG. 6. Kinetics of association of pulse-labeled rabies virus G with BiP (A) and calnexin (B). Infected BSR cells were pulse-labeled with [
35 S]methionine for 3 min and then chased in cold medium for the times indicated before lysis. After elimination of insoluble debris, the supernatant was split in two; half was immunoprecipitated with 17D2 (lanes 17), and half was immunoprecipitated with the anti-chaperone antibody (Ab) (lanes B for anti-BiP and C for anti-calnexin). The immunoprecipitates were analyzed under nonreducing conditions by SDS-PAGE (8% polyacrylamide). CNX, calnexin; IT, incompletely or incorrectly oxidized forms; NT, fully oxidized untrimmed G.
camycin-treated cells, the association of G with calnexin was largely inhibited (Fig. 8A) . However, again, about 12% of labeled G was associated with calnexin after 10 min of chase. This calnexin-associated G had not undergone glucose trimming as judged by its migration in SDS-PAGE (Fig. 8A) , but, as in tunicamycin-treated cells, an important part of G associated with calnexin in the presence of castanospermine was aggregated in gels under nonreducing conditions (data not shown). G folding in castanospermine-treated cells was slowed and less efficient than in untreated cells: incompletely or incorrectly oxidized glycoproteins were still detectable after 40 min of chase, and large aggregates were also present at the top of nonreduced gels (Fig. 8B) . This slower folding resulted in a prolonged interaction with BiP (Fig. 9) . However, a significant fraction of G was recognized by both 18B5 and 30AA5 (Fig.  10) , indicating that folding did occur in the presence of castanospermine.
The total amount of G recovered (from the cells and the supernatant) was then quantified for chase periods up to 4 h. In the absence of castanospermine, about 80% of the G immunoprecipitated after 30 min of chase was recovered after 4 h whereas less than 50% was recovered in the presence of the drug (data not shown). Therefore, G degradation was enhanced in the presence of castanospermine.
DISCUSSION
This work provides a detailed picture of rabies virus G folding in the ER. The folding steps identified on the pathway from the unfolded nascent chain to the folded G are described in Fig. 11 . The folding pathway of rabies virus G shows many similarities to those of VSV G and influenza virus HA. However, the folding is slower: the t 1/2 for folding is about 20 min for rabies virus G whereas it is less than 5 min for VSV G and HA. The folding efficiency is in the 70 to 80% range, which is rather high (10) .
Almost immediately after the pulse, unfolded G is recognized by MAbs 17D2 and 29EC2. The epitopes recognized by these MAbs are not (29EC2) or poorly (17D2) accessible on 35 S]methionine for 3 min, and then chased in cold medium for the times indicated before lysis. After elimination of insoluble debris, the supernatant was split in two; half was immunoprecipitated with 17D2 (lanes 17), and half was immunoprecipitated with the anti-BiP antibody (Ab) (lanes B). The immunoprecipitates were analyzed by SDS-PAGE (8% polyacrylamide) under reducing conditions. UG, unglycosylated G. the native molecule on the viral surface (28, 44) . However, once G is solubilized with 1% CHAPS under conditions conserving its structural integrity (14) , these MAbs bind native G (15) (see above). This suggests that both epitopes are located underneath the head of G (14) and that steric hindrance due to high concentrations of G in the viral membrane inhibits the interaction of MAbs 17D2 and 29EC2 with native G at the viral surface.
When MAbs 17D2 and 29EC2 were used, incompletely oxidized folding intermediates (IT) were detected. Their halflives were less than 10 min, and they were associated with calnexin and, to a much lesser extent, with BiP. Both chaperones were also associated with the unfolded fully oxidized form. As for other glycoproteins (20, 26) , the association with BiP was maximal immediately after the pulse whereas the association with calnexin was maximal after 5 to 10 min of chase. Inhibition of G binding to calnexin by using tunicamycin or castanospermine resulted in an increased and prolonged association with BiP, suggesting a precursor-product relationship, such as that already observed in other systems (20, 26) . No interaction between G and GRP 94 has been detected. It is possible that the association of GRP 94 and folding intermediates is weak and that cross-linking is required to detect such an interaction, as is the case during the folding of the immunoglobulin light chain (36) .
After dissociation from calnexin, G is recognized by MAbs 30AA5 and 18B5, which are directed against antigenic sites II and III, respectively. At this stage, folding is most probably complete. Antigenic sites II and III have been involved in rabies virus pathogenicity: some mutations located in these sites attenuate or abolish virulence (7, 42, 46, 51) . These regions have been suggested to interact with the viral receptor(s) (29, 30) . Therefore, by analogy to influenza virus HA (55) , it may be speculated that these sites are located in the previously described head of G (14) . The fact that antigenic sites II and III fold with the same kinetics suggests either that these sites are very close to each other in the three-dimensional structure of G or that the folding of the head is a global and cooperative phenomenon. Taken together with the fact that epitopes recognized by MAbs 17D2 and 29EC2 (which acquire their native structure rapidly) are most probably located underneath the head of G, this may suggest that the head of G folds after its tail. This would be different from the situation in HA, for which it has been shown that folding progresses from the top to the bottom of the molecule (50), i.e., from the head to the tail.
Another result of this study is that G is able to undergo low-pH-induced structural transitions before complete folding. This suggests that some domains of G are able to act as in the native structure before undergoing complete folding. We have recently shown that mutations in position 392 and 396 affect the low-pH-induced structural transitions and that this region of the glycoprotein controls the conformational change from N to I. We have proposed that this region is a part of the tail of G (12) . The results obtained here may suggest that this region acquires its native structure early in the folding pathway. This reinforces the idea that the tail of G is folded before its head.
The exact role of BiP and calnexin in rabies virus G folding is unknown. The results shown in Fig. 9 and 10 indicate that despite increased interaction with BiP, G cannot fold properly in tunicamycin-treated cells. Therefore, as for VSV Indiana G (32), interaction with BiP is not sufficient for unglycosylated G folding. It also appears that although castanospermine inhibits most of G binding to calnexin, folding does occur in the presence of the drug, suggesting that calnexin binding is not necessary for G folding. However, in the presence of castanospermine, folding is less efficient and is slowed, which is consistent with a chaperone role for calnexin. Furthermore, G degradation increases in the presence of this drug, most probably because binding to calnexin protects G from degradation in the ER. This feature has already been observed for influenza virus HA (23) and for free heavy chains of major histocompatibility complex class I (25).
As mentioned above, tunicamycin and castanospermine inhibit the G-calnexin association. This is consistent with the view that calnexin acts as a lectin and recognizes specifically the Glc 1 Man 9 GlcNAc 2 structure on glycoproteins (19, 22, 39, 53) . However, in the presence of both drugs, residual binding is still detected. In the presence of tunicamycin, the calnexinassociated glycoproteins are unglycosylated, and in presence of castanospermine, they migrate slightly slower than G in untreated cells. Therefore, in both cases, the residual binding to calnexin is not due to residual monoglucosylated N-linked oligosaccharides. This suggests that calnexin also recognizes the polypeptide chain of unfolded proteins in an oligosaccharideindependent manner, as already proposed by other groups (26, 31, 43, 52) . The nature and location of these polypeptide domains recognized by calnexin are unknown. Some studies suggest that the transmembrane domain of glycoproteins is important for interaction with calnexin (33) . Whether hydrophobic regions normally buried in the native ectodomain but exposed in the unfolded G are involved remains to be established. Alternatively, as in castanospermine-and tunicamycintreated cells, an important proportion of G associated with calnexin is aggregated (in agreement with the results of Cannon et al. [5] for VSV G); it is conceivable that there is no direct interaction between G and calnexin when glycosylation and glycan trimming are abrogated.
It has been shown that deletion of all the glycosylation sites completely blocks rabies virus G surface expression (47) . This could be due to a low level of interaction with calnexin. However, the fact that folding is much less efficient in the presence of tunicamycin than in the presence of castanospermine despite the same level of interaction with calnexin suggests that glycosylation not only is needed for G-calnexin interactions but also probably facilitates G folding by rendering folding intermediates more soluble.
Additional studies are needed for a better description and understanding of G folding; the results presented here are only a first step in this direction. However, it is hoped that by identifying the steps in the G-folding pathway, we will be able to define and express independent folding domains at high levels to perform their structural analysis.
